Various environmental factors influence yield of sorghum grain, Sorghum bicolor (L) in Sub-Sahara Africa. Various production conditions of rainfall amount, temperature regimes, soil fertility levels and bollworm Helicoverpa armigera density at specific sorghum grain stage were evaluated for effect to sorghum grain yield. High rainfall amount, high temperature and soil fertility levels were positively correlated to sorghum grain yield at three test sites at Ithookwe, Katumani and Kampi of eastern Kenya. The warmest Kampi site achieved the highest seed viability on germination test at 43, 87 and 99% for grain stage of light-green, cream-dough and hard dough, respectively. High H. armigera density was inversely correlated to grain yield. Comparatively, yield loss of < 10% was observed when grain was at early soft dough and > 35% as the grain ripened to early hard dough stage. Thus initial H. armigera damage occurred at late soft dough stage and increased exponentially as the grain ripened to early hard dough stage. The right time to spray against H. armigera was determined as at soft dough stage of sorghum grain to prevent economic damage of the crop. Thus fertility level, rainfall amount and time of bollworm pest attack were deemed worth considerations towards sustainable yield of sorghum.
Introduction
The United States of America lead in sorghum (Sorghum bicolor L.) production with 25% of world total of 33,963,000 MT followed by Mexico (21%), Nigeria (18%), Sudan (16%) and India (2%) (FAO, 2016) . While in the America and Asian countries the cereal has various uses in industrial and animal production sectors the same cannot be said in the African continent where the crop is mainly the second staple food after maize (Ratnavathi & Patil, 2013) . Similarly farmers in Sub-Sahara (SSA) countries continue to realize low yields of staple cereals like maize, rice and wheat (Mastersa et al., 1998; Kilambya & Witwer, 2013) . This is due to reduced and irregular rainfall patterns characterized by climate variability scenarios (Oehmke & Crawford, 1996; Ndjeunga & Bantilan, 2005) . The remedy to this could lie on production of millets and sorghum which could diversify premium incomes (Van Wajk & Kwak, 2011) . In SSA sorghum grain is a major staple in the low-income countries where in rare cases it is exported to some trade partners for foreign exchange (Ndjeunga & Bantilan, 2005; Orr et al., 2013) . Largely much relief from crop yield loss could be attained through sorghum production due to its low moisture and low nutrient requirements as well as fast development as an annual crop (Muui et al., 2013; Orr et al., 2013) . & Crawford, 1996; Pretty et al., 2011; Hirron et al., 2014) . Other constraints of insect damage do exist where stem borers like Chilo partellus Swinhoe and Busseola fusca Fuller cause some 15-23% crop loss in SSA where sorghum is relied upon as food security staple (van den Berg & van Runsburg, 1991) . Otherwise another insect which occur in large density during some production seasons and cause yield loss especially on white varieties is the African bollworm Helicoverpa armigera Hübner (Pedgley, 1985; Pogue, 2004; Kumar et al., 2009) . A close field observation has indicated that if the arrival of the larvae worms of H. armigera occur during the grain ripening stage of sorghum it leads to heavy yield loss than if the grain is at dry dough (Duraimurugan & Regupathy, 2005; Moral-Garcia, 2006) . There was need to elucidate yield loss of sorghum due to H. armigera damage under specific rainfall, temperature and fertility regimes at three site plots of eastern Kenya to determine a safe time to implement control of H. armigera to prevent yield grain loss. Specific considerations were to be assessed: (1) at what time of grain stage a spray insecticide can be applied to prevent yield loss, (2) how much yield loss could occur if no control mechanisms are put in place. A further consideration was: (3) what other environmental factors influence and correlate to final yield like fertility, rainfall and temperature, and lead to sustainable yield achievement by farmers in marginal lands.
Materials and methods

Sites Plot Establishment
The field study was carried out during the short rains of October-December 2014, long rains of March-July 2015 and short rains of October 2015-January 2016 periods of production seasons. Plot sizes of 8m x 10m were established at the sites of Katumani, Kampi-Mawe and Ithookwe of eastern Kenya. The white sorghum spacing was 60cm inter-row by 25cm intra-row of three plants per hill. The plots consisted of three blocks, one of insecticide treatment, one where birds were expected fed on the worms and a control in a randomized complete block design (RCBD). Bird scaring was introduced at late soft dough stage when bollworm damage peaked towards hard grain. Each of blocks had three treatments of pure sorghum, sorghum-millet alternate row and sorghum-edge rows. The insecticide used was Duduthrin® (Lambdacyhalothrin 17.5g/L as active ingredient of synthetic pyrethroid insecticide applied once at the rate of 200ml /ha three weeks after crop emergence against shoot fly and stem borers. After vegetative growth one of the blocks was sprayed with same Duduthrin® at anthesis stage of sorghum crop and repeated after seven days to prevent bollworm H. armigera. A four metre path separated the three blocks. Fertilizer application of di-ammonium phosphate (DAP) was carried out at the rate of 40kg per hectare for uniform nutrition. Crop top dressing with calcium ammonium nitrate (CAN) was carried out once at the rate of 30kg/ha after plants attained eight leaves at the experimental sites. Weeding by hand hoe (jembe) was done three times before crop maturity during each season. The amount of rainfall (mm) during the production period was recorded for analysis and comparable production potential of sorghum at the sites. Sorghum growth development from flowering (anthesis) deep-green, light-green, light-cream, cream-white, full-cream and full grain maturity were observed for H. armigera density and damage on the grain among the treatments.
Katumani Site
The site at KALRO-Katumani Research Station (01°20'51" S, 037° 16' 56" E, Elev.1609m asl) was established on a former cassava field, 11 kilometers south of Machakos Town. A yearly bimodal rainfall occurs at the site of short and long seasons respectively. Crop developmental days to grain filling, grain colour and dry dough was taken for comparative analyses between the plots. After grain yield data collection at the end of each cropping season, the field was ploughed by tractor for repeat of experiment.
Kampi-Mawe Site
The Kampi-Mawe KALRO-Sub-Centre Station is located (01° 50'54" S, 037° 39'29" E, Elev. 1164m asl) 10 kilometers east of Wote Town. The field had previously been planted cowpea before start of experiment in October 2014. A bimodal rainfall occurs per year at the site of short and long seasons. Data collection was carried out similar to Katumani site.
Similarly crop field was prepared by tractor for the repeat of the experiment after each season data collection.
Ithookwe Site
The Ithookwe KALRO-Sub-Centre Station is located (01° 22'34" S, 037° 58'43"E, Elev. 1147m asl) three kilometers in the western side of Kitui Town. A similar bimodal type of rainfall occurs at the site like as in the above other sites. As with other sites crop developmental days to grain filling, grain colour and dry dough was taken for comparative analyses. Data collection of grain yield was taken in the same procedure as the other two fields. Likewise the crop field was prepared for next season by ploughing by tractor.
Soil Fertility at Sites
The sorghum variety used for the experimental test was one being scaled up to farmers in eastern Kenya region, simply referred as "Gadam". The variety is white in colour and known by farmers as drought resistant and thrives even in low fertility areas. Soil analyses was taken in April 2016 after the experiments were ended. The aim was to determine the residual fertility conditions of the plots. At each of the sites, 10 soil samples were collected randomly across the intercrop treatment plots with soil auger at depth of 0-20cm and sent to National Agricultural Laboratories of Kenya Agricultural & Livestock Research Organization (KALRO) for nutrient element analyses on soil fertility factor suitability for sorghum production at the end of experimental period. Analyses on macro-element and micro-element nutrient levels were also scored. Residual fertility element compositions levels at each site were compared to sorghum crop requirement. The rationale here was to find out if sorghum production had been produced throughout the experimental seasons with the right fertility conditions reflected in the final yield.
Rainfall-Temperature Effects
Rainfall amount was recorded at each site each production season. Incidentally the three sites had functioning meteorological stations where daily records of temperature, rainfall, humidity and wind speeds were recorded. Monthly rainfall distribution and temperature regimes were averagely analyzed for site comparison. Effects of site conditions to grain yield were analyzed for comparison on insecticide applied and control plots.
Grain Maturity and Viability
Sorghum growth development days from flowering (anthesis) to deep-green, light-green, light-cream, cream-white, full-cream and full grain maturity were recorded. Grain samples (100 seeds) for each grain stage harvest interval were subjected to viability test of percentage germination at each specific stage and for each site plot. Net harvest sample was undertaken from three rows at the middle of the plots inclusive of all three plants (plus tillers ears).
Grain Ripening and Bollworm Damage
At each site grain ripening stage H. armigera infestation level and the resultant yield loss were correlated to elucidate the relationship. It was important to determine when highest damage occurred and recommend the right time to spray against bollworms and prevent subsequent grain loss. Some 10 randomly damaged panicle grains were compared to similar undamaged (10) heads of sorghum plants. The cumulative yield loss was expected to be different from specific interval harvest but reflective of damage at specific grain stage.
Effect of Environmental Factors to Yield
The effect of various environmental factors of abiotic like rain amount, temperature fluctuations and soil fertility were elucidated to explore impact to sorghum yield. Likewise bollworm damage impact to yield was determined as well the right time to spray against the insect. This would separate major production constraint in sorghum production. A multiple factor correlation was carried out to determine various factors influencing final sorghum yield.
Data Analyses
Analyses of variance (ANOVA) was carried to test significant difference of rainfall amounts, temperature levels, grain weight and grain yield parameters among the sites using SAS General Linear Model Procedure (GLM PROC) where Student Neumann's Keuls Post Hoc Test was used in separating the variable means. Mean nutrient element test results from the sites were comparatively analyzed for fertility levels. Multiple Linear Regression Model (MLRM PROC) was carried out to determine effect to various variables to grain yield. Correction analyses was carried out to determine effect of varied environmental factors to sorghum yield using Multiple Linear Regression Model (MLRM PROC) at 5% level. Percentage grain maturity and viability was analyzed from 100 grains per site pooled from the 10 ears sample size per plot on each treatment.
Results
Soil Fertility Levels
The soil sample analyses from the three sites at the end of cropping period showed that pH level was within sorghum crop requirements (Table 1) . As for the macronutrients Nitrogen (N) levels were inadequately low at 0.11-0.15g/kg at the three sites. Ithookwe site led with the lowest levels of N fertility. Similarly, Phosphorous (P) was inadequately low for the crop production. Potassium, Magnesium and Calcium nutrient elements were adequate in the three site. The levels of the micronutrient elements of Cu, Fe, and Mn (mg/kg) were assessed as adequate at Katumani and Kampi sites. At Ithookwe Cu was inadequately low for sorghum production. The soil texture was closely similar as loam sandy at the three sites. Overall the soil samples were found deficient of organic matter from the three sites. 
Rainfall-Temperature Effects to Yield
Rainfall distribution within the production period indicated that Ithookwe received significantly (P < 0.0001) highest amount (247mm) followed by Kampi (134mm) ( Table 2 ). The warmest environment was Kampi (25 °C) and the second being Ithookwe (22 °C) within a range of 21-25 °C at the three sites. The resultant yield level was significantly (P < 0.05) highest at Kampi at 25.6 t ha-1 while at Katumani and Ithookwe were 20.3 and 25.4 t ha -1 , respectively. 
Grain Maturity and Viability
The results from the three sites showed that Kampi site had significantly (P < 0.05) highest level of seed viability (43%) at the light-green grain stage with Katumani and Ithookwe at 22 and 9% levels respectively (Table 3) . Cream-dough stage at Kampi had significantly (P < 0.05) higher viability than the other sites. At hard dough grain stage, all the site fields indicated over 90% seed viability score. 
Grain Ripening and Bollworm Infestation
The vegetative stage to bloom took about 80 days where averagely at 83 rd day the deep-green grain stage was attained (Fig. 1) . Later by 87 th day the grain turned light-green. Light-cream, full-cream, cream-white and full white seed colours were attained on 92, 97, 102 and 107 days, respectively at the sites. The dry seed maturity was attained averagely at 112 days since crop establishment at the three sites for 50% of the sorghum seed.
Figure 1. Mean number of days to full grain maturity stage of white sorghum crop
As the plant panicles progressed towards ripening, the insect H. armigera infestation levels peaked (R 2 = 0.5814) to 14 larvae per panicle at cream-white stage of grain with the insect feeding on the grain (Fig.2) . At full-white and with decreased soft dough grain stage H. armigera infestations dropped to 8 larvae per plant panicle. By that time the larvae appeared to be on the fourth to sixth instar stage feeding on the grain increased. These larvae were found to be feeding on the grain and rendering the seed unviable on germination test. Our observation was that even a single larva could damage half of grains in one panicle by the time grain turned hard dough during a period of two to three weeks. The intercrop systems of millets did not show bollworm infestation difference on the plant ears. Bollworm larvae numbers did not differ between bird-fed plots and control plots. 
Grain Damage Accumulation
Sorghum grain damage was not visible from anthesis to deep-green with H. armigera density at 2-5 larvae. Grain damage visibility was from light-cream and full-cream grain stages at 5 and 10%, respectively (Fig. 3) . The start of dry dough stage of grain at cream-white and full-cream indicated H. armigera density exponentially reaching 12-13 larvae per panicle and damage level being 35-42% (R 2 = 0.8474). Comparatively the 10 panicles randomly sampled from the control (no insecticide spray) indicated yield loss level of < 10% when grain was at early soft dough and > 35% as the grain ripened to early dry dough stage. This was observed to be the stage when much of the grain milk sap had turned into starch (dry sap). 
Effect of Environmental Factors to Yield
Altitude was not significantly (P > 0.05; R 2 = 0.0578) correlated to yield as well as the macro-nutrient elements of Nitrogen, Phosphorous and Potassium (Table 4) . Other factors like soil pH and temperature were strongly (P < 0.05; R 2 > 0.6) corrected to yield. The combined variables of rainfall (mm) and temperature demonstrated strong (P < 0.05; R 2 = 0.9817) correlation to yield. Likewise temperature-pH-rainfall combined variables indicated yet another strong correlation (P < 0.05; R 2 > 0.90) between yield and environmental factors. Nevertheless bollworm density was inversely correlated to yield of sorghum grain (P < 0.05; R 2 =0. 9086). 
Discussion
Results of soil analyses showed that the three sites had low inadequate macronutrients elements of nitrogen (N) and phosphorous (P) required for sorghum production. On the other hand potassium (K) was reported as adequate in the three site plots. The micronutrient element compositions showed that the levels of Cu, Fe, and Mn were fairy adequate for sorghum production in the test sites. The three fields were low in organic matter and hence the low fertility-consequently needing manure fertilization to improve organic nutrient levels for sorghum production (Balay et al., 2002; Fornara et al., 2008) . Much soil fertility requirement in crop production has been disseminated in Kenya though various assessment studies have reported low impact adoptability of such technologies due to lack of capital and low-income among farming communities (Marenya & Barrett, 2007; Adolwa et al., 2013) . Most countries in Africa suffer similar constraints of technology adoptability mainly due to little government policy on resource mobilization in the farming communities (Ajayi et al., 2007; Camara et al., 2013) . Number of Helicoverpa armigera on sorghum panicles
Rainfall amount was highest (247mm) at Ithookwe and the site had close similar yield (25.4 t /ha) to Kampi site (25.6 t/ ha). Gichangi et al. (2015) have demonstrated that both long and short rainfall regimes have remained average at 255 and 300mm respectively between years of 1961-2011 for eastern Kenya. The recorded levels during the present study slightly reflect above average rainfall regimes when considered cumulatively for three months production periods. Considering the low moisture requirement for sorghum the crop has low risk level for production in case of insufficient rainfall in the region. Bryan et al. (2013) have demonstrated that farmers need to weigh their options of crop enterprise with prevailing predicted rainfall patterns and plant the least risk ones like sorghum. As the climate variability continue occurring in most parts of Africa, evidently rainfall amounts are diminishing with each subsequent year and much hope for the farming communities lies with cereals like sorghum and millets and less with maize production (Tabo et al., 2007; Gichangi et al., 2015) . The reason for the close similar yield levels among the two sites could be attributed to the closely related temperature regimes at Ithookwe and Kampi at 22 ± 4 º C and 25 ± 5 º C respectively.
Analyzed temperature regimes since 1978 to 2011 indicate increased temperatures of 1 °C and 0.3 °C for maximum and minimum levels in eastern Kenya (Gichangi et al., 2015) . These temperature increase levels are not expected to affect sorghum in most areas in Africa as the crop requires moderate similar high temperature regimes. So long as rainfall is sufficient the predicted global temperature levels rise of 4 º C will likely lead to higher sorghum yields in most areas as long as moisture levels are within optimum (Christensen et al., 2007) .
Various predictions of what climate variability and finally the change in short and long term effects in different regions have mostly presented a bleak future to most country economies especially in SSA (Calzadilla et al., 2013) . Probably for sorghum it might not lead to such despair as with other crops like maize and wheat whose yields have been reportedly reduced by such climate variability leading to low rainfall amounts (Yegbemey et al., 2013) . Pretty et al. (2011) have indicated that African agriculture growth on most crop commodities will increase with increased intensification of production factors by maximum utilization of natural resources and technical knowledge on inputs and their applications.
The final physiological maturity of the harvested grain was found related to the environmental conditions of the sites. The warmest Kampi site achieved the highest seed viability on germination test at 43, 87 and 99% for grain stages of light-green, cream-dough and hard dough, respectively. Presence of bird-feeding plots did not alter infestation levels of the bollworm insect on the sorghum plants. The highest H. arimigera grain damage peaked exponentially at late grain soft dough (cream-white) and indicated this as the right time to spray against H. armigera on sorghum as pooled data from the sites showed. As for the economic injury level (EIL) we observed that even one larva of H. armigera could lead to serious grain damage before the grain reached hard dough stage at which no more feeding occurs. Martin et al. (2010) has recommended insecticide spray against H. zea (Boddie) in North America when an egg butch or several larvae are observed on cotton leaves. Our recommendation would be to spray immediately a single larvae is noticed on the panicles since such larva can live on the ear for over 10 days causing substantial damage as starch accumulation builds at late soft dough stage of grain (Czepak & Albernaz, 2013) . The polyphagous pest is reported to be migratory aided by heavy winds at adult stage where moths fly searching for fresh fields and has a vast diversity of host plants in east Africa (Pedgley, 1985; Mutegi et al., 2010) . Species of Trichogramma genus have been cited as some of the natural enemies of H. armigera but their presence in some areas is in doubt due to other advance environmental conditions not favouring survival of the wasp (Duraimurugan & Regupathy 2005) . When H. armigera density levels reach economic injury levels other control mechanisms include use of botanical derivatives like neem or suitable chemical spray (Karim, 2000; Duraimurugan & Regupathy, 2005) . In USA and Latin America countries various chemicals have been used and exchanged after either resistant development or for environmental reasons in addition to sexual pheromone trap use (Czepak & Albernaz, 2013) . Depending on specific climatic factors like temperature and humidity, higher levels of these two could lead to higher density of H. armigera and hence need to monitor the pest presence frequently on sorghum ears. Sorghum fields in warm localities need insecticide spray control more frequent than cool areas as reported on cassava mite pest (Mutisya et al., 2015) .
The present work has analyzed the existing factors which lead to attainment of yield levels of white sorghum, Gadam variety. The findings show that while low yield could be due to low fertility and or insufficient rainfall amounts at the production sites, other factors contribute significantly to sustainable yield of sorghum in the marginal areas. The correlation test showed that sufficient rainfall and temperature regimes led to highest yield of sorghum. To sustain the yield, control of H. armigera has to be carried out before dry dough grain stage, specifically at soft dough stage as the larvae start feeding on the ripening grains on the panicles. At farm level the farmer has to start with (i) adequate fertility on the production plot, (ii) some irrigation could be required where it is possible to sustain plant development and final yield in case of low rainfall amounts, and (iii) apply insecticide to suppress bollworm density growth early enough before economic damage occurs, otherwise temperature regimes are not expected to overshoot beyond the expected optimum levels.
